Background/Aims: A few Rho GTPase activating proteins (RhoGAPs) have been identified as tumor suppressors in a variety of human cancers. ARHGAP17, a member of RhoGAPs, has been reported to be involved in the maintenance of tight junction and epithelial barrier. The present study aimed to explore its expression in colon cancer and the possible function in colonic carcinogenesis. Methods: The mRNA and protein expression was assessed by realtime PCR and immunoblotting, respectively. Cell Counting Kit-8 (CCK-8) and Transwell assays were performed to evaluate cell proliferation and invasion, respectively. Results: We found that ARHGAP17 expression was obviously lower in colon cancer specimens than in normal colonic mucosa. ARHGAP17 expression was associated with tumor stage, size and differentiation. In vitro analysis demonstrated that ARHGAP17 overexpression inhibited cell growth and invasion of HCT-8 and HCT-116 cells. In addition, an in vivo experimental metastasis model showed that ARHGAP17 overexpression restricted cancer metastasis to the lung. Mechanically, we found that Wnt signaling contributed to the functions of ARHGAP17 in colon cancer cells. Gene set enrichment analysis (GSEA) in The Cancer Genome Atlas dataset showed that the Wnt signaling pathway was negatively associated with ARHGAP17 expression. The mRNA expression of b-catenin (an important signaling transducer of canonical Wnt signaling) gene (CTNNB1) was negatively correlated with ARHGAP17 expression. Immunoblot analysis of downstream effectors of b-catenin (c-Myc/p27 and MMP7) in ARHGAP17 overexpressing colon cancer cells and metastatic tumors within the lung also validated the GSEA result. ARHGAP17 overexpression increased the phosphorylation of glycogen synthetase kinase 3b, and decreased b-catenin nuclear localization and transcriptional activity. Furthermore, inhibition of Wnt signaling by Wnt Inhibitor Factor-1 (WIF-1) in HIEC cells with ARHGAP17 knockdown significantly attenuated the promotion effects of ARHGAP17 knockdown on cell proliferation, invasion and the activation of b-catenin. Conclusion: these results suggest that ARHGAP17 might serve as a tumor suppressor in colon cancer progression and metastasis through Wnt/b-catenin signaling pathway.
Introduction
Colon cancer is one of the most common malignancies with a growing incidence rate on a global scale [1] . There were approximately 1.4 million newly diagnosed cases in 2012 [2] . Recent evidences have shown that the dietary and lifestyle-related factors, including high intake of unsaturated fats and red meat, excessive alcohol consumption and insufficient physical activity, appear to be the most significant risk factors for colon cancer [3] [4] [5] . Several signaling transduction pathways, including transforming growth factor (TGF)-b [6] , phosphoinositide 3-kinase (PI3K) [7] , mitogen-activated protein kinase (MAPK) [8] and the Wnt [9] pathways, have been found associated with the formation and development of colon cancer.
Rho GTPases act as molecular switches in multiple fundamental cellular processes, including cytoskeletal organization, cell cycle progression, malignant transformation and cell migration [10] . Rho GTPase activating proteins (RhoGAPs) promote the transition of RhoGTPases from an active GTP-bound state to an inactive GDP-bound state [11, 12] . Rho GTPase Activating Protein 17 (ARHGAP17, also named as RICH1) is a member of RhoGAPs. Harada A et al. identified it as a neuron-specific GTPase-activating proteins involved in Ca 2+ -dependent exocytosis [13] . A subsequent study showed that ARHGAP17 is widely expressed in human tissues and it is a binding protein of Cdc42-interacting protein 4 (CIP4) [14] . ARHGAP17 serves as a negative regulator for Cdc42 and Rac1 [13, 14] . Recent studies have revealed that ARHGAP17 plays an important role in the maintenance of tight junctions via modulating the activity of Cdc42 or Rac1 [15, 16] . By using Arghgap17-deficient mice, Lee SY et al. have demonstrated that ARHGAP17 plays an important role in regulating the mucosal barrier in the mouse colon [17] . The roles of ARHGAP17 in colonic carcinogenesis remain unknown.
Here, ARHGAP17 mRNA expression was found to be significantly down-regulated in colon cancer tissues in comparison with normal colonic mucosa. ARHGAP17 expression was correlated with tumor stage, size, differentiation and metastasis, as well as the vital status of colon cancer patients. Further data indicated that ARHGAP17 might attenuate the proliferative and invasive ability of colon cancer cells via suppressing the Wnt signaling pathway.
Materials and Methods

Patients and tissue samples
The study protocol was approved by the Institutional Ethical Review Committee of Shanghai Eighth People Hospital (Shanghai, China). Eighty-five patients with colon cancer who had undergone surgery at Division of Gastrointestinal Surgery, Department of General Surgery, Shanghai Eighth People Hospital between the interval of Jan 2007 and Dec 2010 were enrolled in this study. Written informed consents were obtained from all participants. None of the patients received radiotherapy and/or immunotherapy before or after surgery. Clinicopathological features, including gender, age, tumor stage, tumor size, metastasis and tumor differentiation were retrieved from medical records. The age range of enrolled patients was 35-77 years (mean age: 56 years), and 51 men and 34 women were included. Follow-up lasted for 5 years. Colon cancer tissues (n=85) and adjacent normal colonic mucosa (n=20) were collected during surgery, snap frozen and stored at -80°C.
Bioinformatics analysis
Gene expression data were downloaded from The Cancer Genome Atlas website (TCGA, https://tcgadata.nci.nih.gov/tcga/) for the colon adenocarcinoma (COAD) projects or Gene Expression Omnibus (GEO) (Access id: GSE9348 [18] ). The differences of ARHGAP17 expression between colon cancer tissues and healthy control were analyzed by student's t test.
TCGA COAD dataset including 262 colon cancer samples was analyzed by Gene set enrichment analysis (GSEA) using the GSEA version 2.0 Software as previously described [19] . Gene sets were permuted 1000 times, the normalized enrichment score (NES) was calculated for each gene set, the nominal P value was obtained and the false discovery rate (FDR) was calculated to correct the P value. Statistical significance was defined when the FDR score was less than 0.25 and P values of NES were less than 0.05.
RNA isolation and real-time PCR.
The tissue samples (100 mg/sample) were ground into fine powder in liquid nitrogen, and extracted in TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Complementary DNA (cDNA) was synthesized with cDNA synthesis kit (Thermo Fisher, Rockford, IL, USA). SYBR Green Master Mixes (Thermo Fisher) were used to perform real-time PCR. PCR reactions were performed on ABI 7300 system (Applied Biosystem, Foster City, CA, USA) with the following primers: ARHGAP17, 5'-ACTCCAATTCCAGGGTTTC -3' and 5'-TGCTCTCGGTATCATTGTC -3'; b-catenin (CTNNB1), 5'-AGCTTCCAGACACGCTATCAT -3' and 5'-CGGTACAACGAGCTGTTTCTAC -3'; glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-CACCCACTCCTCCACCTTTG -3' and 5'-CCACCACCCTGTTGCTGTAG -3'. ARHGAP17 and CTNNB1 mRNA expression was calculated using the ΔΔ Ct method with GAPDH as an internal control.
Lentiviral construction
The cDNA encoding human ARHGAP17 was cloned into the expression vector pLVX-puro (Clontech, Palo Alto, CA, USA). A shRNA targeting human ARHGAP17 (shRNA) and a negative control shRNA (shNC) were designed by Dharmacon siDESIGN Center (Dharmacon, Waltham, USA), synthesized by GeneChem (Shanghai, China) and inserted into the pLKO.1 vector (Addgene, Cambridge, MA, USA). ARHGAP17 expression lentivirus (ARHGAP17), ARHGAP17 knockdown lentiviruses (shRNA), and control (shNC and Vector) lentiviruses were generated by cotransfection of lentiviral vectors and packaging vectors into HEK293T packaging cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Cell culture
The human colon cancer cell lines HCT-8 and HCT-116, and normal human intestinal crypt cells (HIEC) were purchased from Shanghai Cell Bank, Chinese Academy of Sciences (Shanghai, China). Cells were maintained in DMEM medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen) and 1% penicillin-streptomycin in a humidified atmosphere at 37°C with 5% CO 2 .
Immunoblot assay
Cells were washed twice with ice-cold phosphate buffered saline (PBS), scraped into radioimmunoprecipitation assay (RIPA) buffer containing phosphatase and protease inhibitors, and then lysed at 4°C for 20 min. Supernatant of cell lysate was obtained by centrifugation at 12, 000 × g for 20 min at 4°C.Nuclear protein was extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, Rockford, IL, USA) as the manufacturer suggested. For immunoblot assay, total protein or nuclear protein was resolved using 10% or 12% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). Protein on the gels were transferred to nitrocellulose membranes (Millipore, Bredford, MA, USA) and subjected to immunoblot assay. Membranes were blocked with 5% skim milk in TBST (Tris-buffered saline Tween-20) and incubated with primary antibodies following the manufacturers' protocols. After washing three times with TBST, the membranes were incubated with an appropriate secondary antibody (Beyotime, Shanghai, China) and detected with enhanced chemiluminescenct substrate (ECL, BioRad, Richmond, CA, USA). ARHGAP17, phosphor (p)-glycogen synthetase kinase 3b (GSK3b) (Ser9), GSK3b, c-Myc and MMP7 antibodies were obtained from Abcam (Cambridge, MA, USA), while b-catenin, non-phospho (Active) b-catenin (Ser45), H3, p27 and GAPDH antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). The bands were quantified by densitometry using Image J software (Bethesda, MD, USA) and GAPDH was used a loading control. 
Reporter assays
Cell proliferation assay
Cell proliferation was assayed by using Cell Counting Kit-8 (CCK-8, SAB biotech. College Park, MD, USA). Cells cultured in 96-well culture plates were treated as indicated. After culturing for 0, 24, 48, or 72 h, the cells were incubated with 10% CCK-8 in DMEM for 1 h. Optical density at 450 nm was measured with a microplate reader.
Invasion assay
Invasion assays were performed on Matrigel-coated (1 mg/ml; Corning, New York, NY, USA) transwells (0.8 μm pore; Corning). Cells cultured on 60-mm diameter dish were transduced with ARHGAP17 expression lentivirus (ARHGAP17), ARHGAP17 knockdown lentiviruses (shRNA-1) or control (shNC and Vector). After 24 h, cells in serum-free DMEM were added to the upper chamber (5 × 10 4 cells / well), and DMEM containing 10 % FBS was added to the lower chamber. For cells transduced with shRNA-1 or shNC, 1 μg/ml recombinant human WIF-1 (Wnt Inhibitor Factor-1, R & D Systems Inc., Minneapolis, MN, USA) was added to the upper chamber. Following incubation for 24 h with 5% CO 2 at 37°C, the nonmigrating cells were completely removed with cotton swabs. Subsequently, the remaining cells were fixed, stained with crystal violet, observed and counted under a microscope.
Establishment of stable cell lines and experimental metastasis in nude mice
HCT-8 cells were transduced with ARHGAP17 expression lentivirus (ARHGAP17) or control Vector lentiviru. Stable cell lines were generated by selecting for puromycin resistance.
The animal study was performed following the Guidelines for the Animal Care and Use (Shanghai Eighth People Hospital). HCT-8 cells stably expressing ARHGAP17 or control Vector, and parental HCT-8 cells were harvested, washed and resuspended in serum-free DMEM. The cells (2 × 10 6 ) were injected into the lateral tail vein of 4-week-old nude mice (n=6 for each group; Shanghai Laboratory Animal Company, Shanghai, China). At 8 weeks post injection, the mice were sacrificed and the number of pulmonary metastasis foci was counted. A portion of the lungs were processed for hematoxylin and eosin (HE) staining, and the remaining tissues were fresh-frozen and stored at -80°C until analyses.
GST-PAK1-binding domain (GST-PBD) pull-down assay
The activity of Cdc42/Rac1 was measured by GST-PAK1-binding domain (GST-PBD) pull-down assay with Active Cdc42/Rac1 Detection Kit (Cell Signaling Technology) according to the manufacture's protocol.
Statistical analysis
Statistical analyses were performed using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA). The relationship between ARHGAP17 expression and clinicopathological features was evaluated by Fisher's exact test. Kaplan-Meier survival curves and log-rank test were used to analyze overall survival. Pearson correlation analysis was performed to reveal correlation between the mRNA levels of ARHGAP17 and CTNNB1. All in vitro experiments were repeated at least three times. Student's t test and one-way analysis of variance (ANOVA) was performed to determine differences between two groups and among more than two groups, respectively. P values of less than 0.05 were considered statistically significant.
Results
ARHGAP17 mRNA is down-regulated in human colon cancer tissues
To define ARHGAP17 expression in colon cancer, two publicly available datasets from GEO database (Access id: GSE9348 [18] ) and The Cancer Genome Atlas (TCGA, COAD) were re-analyzed. We found that ARHGAP17 expression was significantly down-regulated in colon cancer tissues in comparison to the normal colonic mucosa (P<0.0001, Fig. 1A-B) . Further, quantitative real-time PCR analysis was performed on our own cohort which included 85 colon cancer tissues and 20 normal colonic tissues. The results also showed that ARHGAP17
mRNA expression was remarkably lower in colon cancer tissues than in normal colonic tissues (P<0.0001, Fig. 1C ).
Decreased ARHGAP17 expression is associated with the poor prognosis of colon cancer patients We next evaluated the association between ARHGAP17 expression and the patients' clinicopathologic features. For this analysis, the 85 colon cancer patients were divided into two groups by ARHGAP17 levels: ARHGAP17 high group (n=42) and ARHGAP17 low group (n=43). As shown in Table 1 , comparison of patients with high ARHGAP17 expression and those with low ARHGAP17 expression revealed a significant correlation between ARHGAP17 levels and tumor stage (P=0.0303), size (P=0.0011), metastasis (P=0.0293), differentiation (P=0.0093) and vital status (P=0.0091). Kaplan-Meier survival curves showed that low expression of ARHGAP17 was correlated with poor overall survival of patients with colon cancer (P=0.0014, Fig.  1D ), indicating that down-regulation of ARHGAP17 may be correlated with poor prognosis of colon cancer patients.
Overexpression of ARHGAP17 suppresses cell proliferation of colon cancer cells ARHGAP17 protein expression was then assessed in two colon cancer cell lines, HCT-116 and HCT-8, and normal human intestinal crypt cells (HIEC). The results showed that ARHGAP17 protein expression was notably reduced in both colon cancer cell lines compared to HIEC cells ( Fig. 2A) . To explore whether ARHGAP17 influenced the progression of colon cancer, HCT-116 and HCT-8 cells were transduced with ARHGAP17 expression lentivirus, and cell proliferation was then analyzed. For both cell lines, ARHGAP17 protein expression in cells transduced with ARHGAP17 expression lentivirus was enhanced significantly in comparison to cells transduced with control Vector lentivirus or cells without any treatment (WT). As expected, control Vector lentivirus had no effect on ARHGAP17 expression (Fig. 2B) . The proliferation of HCT-116 cells expressing ARHGAP17 was reduced by 28.1% and 50.1% at 48 and 72 h after transduction respectively compared with control Vector cells as measured by the CCK-8 assay (Fig. 2Chttps ://www.ncbi.nlm.nih.gov/pmc/ articles/PMC4039152/figure/F4/), while control Vector lentivirus had no effect on cell proliferation. Similar results were obtained in HCT-8 cells.
Overexpression of ARHGAP17 inhibits the invasive ability of colon cancer cells
To investigate whether ARHGAP17 affected the invasion of colon cancer cells, Transwell assays were performed on Matrigel-coated chambers. The number of invaded cells was counted following 24 h of culture. ARHGAP17 overexpression in both cell lines resulted in less cells invaded through Matrigel compared to control Vector cells and WT cells (Fig. 2D) , suggesting that ARHGAP17 overexpression inhibited the invasive ability of colon cancer cells.
ARHGAP17 is negatively associated with the Wnt pathway in colon cancer
To explore ARHGAP17-associated pathways in colon cancer, we performed Gene Set Enrichment Analysis (GSEA) on TCGA COAD dataset. GSEA results implied that ARHGAP17 expression was negatively correlated with the Wnt pathway in colon cancer specimens (Fig.  3A) .
To validate the GSEA result, we detected the mRNA expression of b-catenin (an important signaling transducer of canonical Wnt signaling [20] ) gene (CTNNB1) in the 85 Fig. 3B ). Further, we evaluated the Wnt pathway in ARHGAP17 overexpressing colon cancer cells. HCT-116 and HCT-8 cells with ARHGAP17 overexpression showed an increase of GSK3β phosphorylation (Fig. 3C ) and a decrease of active b-catenin and nuclear β-catenin (Fig. 3D) , indicating the inactivation of the Wnt pathway. In addition, downstream effectors of b-catenin (c-Myc and MMP7 [21] ) were also detected. The overexpression of ARHGAP17 caused a remarkable decrease in the expression levels of c-Myc and MMP7. The levels of p27, a critical target of c-Myc, was notably increased in ARHGAP17overexpressing cells (Fig. 3E) . Moreover, TOPflash reporter assays were performed to explore whether ARHGAP17 affected b-catenin-TCF/LEF transcriptional activity. As shown in Fig. 3F , ARHGAP17 overexpression decreased the activation of the TOP-Flash reporter in both HCT-116 and HCT-8 cells. These data 
indicated an association between ARHGAP17 and Wnt/b-catenin signaling pathway during colon cancer progression.
ARHGAP17 inhibits experimental pulmonary metastasis
To determine whether ARHGAP17 overexpression could reduce metastasis in vivo, parental HCT-8 cells (WT), HCT-8 cells expressing Vector (Vector) or ARHGAP17 were injected into the lateral tail vein of nude mice. ARHGAP17 overexpression profoundly restricted cancer metastasis to the lung. We found that the formation of metastases in the (Fig.  4A) . Overexpression of ARHGAP17 was confirmed by immunoblot assay in randomly selected lung specimens. Additionally, ARHGAP17 overexpression consistently reduced the protein levels of b-catenin, c-Myc and MMP7, but increased p27 expression in metastatic tumors within the lung (Fig. 4B) . These results suggest that ARHGAP17 may be a potential regulator of tumor metastases via regulating Wnt signaling.
ARHGAP17 suppresses cell proliferation and invasion via Wnt signaling
To further clarify the contribution of Wnt signaling, ARHGAP17 expression was knocked down in HIEC cells and a Wnt inhibitor (WIF-1 [22] ) was introduced into this cell line. As shown in Fig. 5A , ARHGAP17 expression was efficiently down-regulated by ARHGAP17 shRNA. GSK3β phosphorylation was reduced by ARHGAP17 knockdown.
ARHGAP17 knockdown induced cell proliferation (Fig. 5B) and invasion (Fig. 5C ), as well as the nuclear location of b-catenin (Fig. 5D) , whereas WIF-1 treatment showed reverse effects. Moreover, WIF-1 treatment weakened the effects of ARHGAP17 knockdown on HIEC cells. These data showed that the Wnt pathway contributed to the functions of ARHGAP17 on colon cancer cells.
ARHGAP17 overexpression reduces the activity of Cdc42 and Rac1
Previous studies have shown that ARHGAP17 serves as a negative regulator for Cdc42 and Rac1 [13, 14] . GST-PBD pull-down assay was then performed. As shown in Fig. 6 , ARHGAP17 overexpression notably inhibited the activity of Cdc42 and Rac1, but had no effects on the protein expression of both RhoGTPases.
Discussion
ARHGAP17, a GAP for Cdc42 and Rac1 [13, 14] , actively takes part in the maintenance of tight junction and epithelial barrier [15] [16] [17] . Although a few RhoGAPs have been identified as tumor suppressors in a variety of human cancers [23, 24] , little is known about the roles of ARHGAP17 in carcinogenesis. This study is the first to report that ARHGAP17 was down-regulated in colon cancer and revealed the potential prognosis value of ARHGAP17 expression in colon cancer ( Fig. 1 and Table 1 ). Then we investigated the biological functions of ARHGAP17 in colon cancer cells. The results revealed that ectopic expression of ARHGAP17 in colon cancer cells could suppress cellular proliferation and invasion (Fig. 2) , and restrict cancer metastasis to the lung (Fig.  4) . Complementary to the overexpression experiments, knockdown of ARHGAP17 expression promoted cellular proliferation and invasion (Fig. 5) . Our data suggested that ARHGAP17 may functions as a potential tumor suppressor in human cancer. RhoGAPs can also suppress cancer growth and invasion by RhoGAP-independent mechanisms, such as the p53 [25] and Wnt/b-catenin pathways [26] . Here, GSEA in TCGA dataset showed that ARHGAP17 expression was negatively correlated with the Wnt signaling pathway in colon cancer specimens. It is well-known that the b-catenin-dependent Wnt signaling pathway plays critical roles in a variety of cellular processes including cell proliferation, invasion and metastasis [20] . We thus analyzed the association between the expression ARHGAP17 and b-catenin in colon cancer specimens collected from our hospital. Pearson correlation analysis revealed that ARHGAP17 mRNA level was negatively correlated with b-catenin gene (CTNNB1) level. It is known that phosphorylation of GSK3β at the Ser9 residue inactivates GSK3β, which could promote the activation of β-catenin [20] . Here, ARHGAP17 overexpression significantly induced the phosphorylation of GSK3β, and reduced the nuclear localization of β-catenin and b-catenin-TCF/LEF transcriptional activity, suggesting the inactivation of the Wnt pathway. c-Myc and MMP7 [21] , two important downstream effectors of b-catenin, are overexpressed in colon cancer [27, 28] . c-Myc promotes proliferation in many types of cells through increasing the transcription of Cyclin D2 and E2F1, and decreasing the transcription of p21 and p27 [29] . MMP7 expression is correlated with metastasis of colon cancer patients [30] . Here, the protein levels of c-Myc and MMP7 were significantly decreased, while p27 protein level was remarkably increased in ARHGAP17 overexpressing colon cancer cells (Fig. 3) and metastatic tumors within the lung (Fig. 4) , which validates the GSEA result. Moreover, a Wnt inhibitor (WIF-1 [22] ) was introduced to further explore the involvement of the Wnt signaling pathway. The results showed that ARHGAP17 knockdown could effectively promote cell proliferation and invasion, as well as the nuclear accumulation of b-catenin, whereas WIF-1 treatment significantly attenuated the effects of ARHGAP17 knockdown. These data suggest that ARHGAP17 functions as a tumor suppressor probably through Wnt/b-catenin signaling. Further studies should be conducted to see how ARHGAP17 affected Wnt/b-catenin signaling. Additionally, ARHGAP17 overexpression reduced the activity of Cdc42 and Rac1 in HCT-116 and HCT-8 cells (Fig. 6) , which was consistent with previous findings [13, 14] . Further study is needed to explore whether Cdc42/Rac1 contributes to the functions of ARHGAP17 on colon cancer cells.
In conclusion, our study revealed that ARHGAP17 could inhibit cell proliferation and invasion, and did so through the Wnt/b-catenin signaling pathway. ARHGAP17 might be a novel prognostic biomarker for colon cancer.
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